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ABSTRACT

The problem of finding the laminar, compressible boundary layer flow
over & rotating cone st small angles of attack is considered. The cone angle
and free stream Mach number are such that the non-viscous flow 1s conical.
Also a Prandtl number unity, and a linear viscoslty-temperature relation are

assumed. The "exact” solution for small angle of attack and small spin is

obtained by a perturbation method including the first order interaction effecte.

For & slender cone the results are used to calculate the Magnus effects dus to
displacement thickness. As yet there are no experimental measurements which

vield = conclusive test of the analytical results for Magnus force given here.
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LIST OF SYMBOLS

cgoefficlents 1n angle of attack expansion of non-viscous flow.

proportionality factor in yu - T relation.

dimensioniess skin friction in x and ¢ directions.
center of pressure of Magnus force.
center of mass of cone.

diameter of cone.

'generalized stream functions.

coefficlents in expansion of F and G in @ and «.
coefflcients 1n expression for A.

Magnus moment and force coefficients (ballistic notation).
length of cone. '

reference length, Cu / 5 u

Mach number

pressure

1 +E7 - 1) }_42/2]

radius of cross-section

Reynolds number wlth fluid properties at reference condition

‘and length indicated by subscript.

coordinate elong free stream veloclty direction
base area of cone

temperature _

velocities along X, y, $ coordinate lines.
free stream veloclty

coordinate along ccne generators
coordinate normal to cone surface

angle of attack

ratio of specific heats

displacement surface

dimensionless coordinate

cone half-angle

sin ©

dimensionless coordinate wr/ u'

2
dimensionless coordinate n1/2¢ l/f
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coefficient of %iscosity

ad/U

/3

density

coordinate angle around circumference of cone

angular veloclty of cone sbout axis

ol @/ u

indicates reference condition taken as conditions on surface
of cone for zero angle of attack.

subscript indicating free stream value.

subgcript indicating outer edge of boundary layer.
indicates quentity with dimensions, except in Egs. (1)
and (6) - (19).







INTRODUCTION

The study of three-dimensional boundary layer flows is becqming
increasingly important. The class of flows for which "exact" solutions
cen be obtained i1s limited to flat plate and yawed cylinder type problems.
However, 1f one considers flows for which the departure from a basic two-
dimensicnal flow 1s small, then by application of small perturbation
methods a much wider class of flows becomes amenable to calculation.l’2
It 1s interesting to note that the boundary 1ayer'flow over a rotating °
body of revolution at zero angle 6f attack can be classed roughly between
the two-and-three-dimensional problems. For small relative spin, however,
this problem is falrly easy to solve.3 A body of revolution with non-
zero angle of attack which 1s also rotating is a rather intricate three-

dimensionsl problem but one which 1s of basic importance in ballistics.

To the author's knowleldge only one example of this type of flow has
been considered. Martinh has so0lved the case of a semi-infinlte open-
ended cylinder 1n incompressible flow. The main purpose of his work was
to test a hypothesis that Magnus effects on slender bodtes at small angles
of attack are caused by the displacement effect of the boundary layer.
Since the predictlon of Magnus effects has remained rather elusive, the
fact that Martin obtained scme meanlngful results was encouragling.
However, because of the model chosen, experimental verification could
not be conclusive. Thus 1t was deélded to try a similar analysis for
a more easlly realizaeble model. Since it is deslirable to take into
acecount compressibility for ballistic applicatioﬁs, the coné in super-
sonic flow seems to be the obvious choice for an enalytical sclution
including engle of attack and spin effects. This 1s, of course, because
when the external flow is conical there is no pressure gradient along
generators, and this allows a boundary layer solutlion to be cbtalned by
introducing similarity varilables.

The. three special cases of the sbove problem have been worked out:
for zero angle of attack and zerc spin by Hantsche and.Wendt;5'for zero

spin by Moore;6 and for zero angle of attack by Illingworth.3 Moore's
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analysls 1s restricted to the first power 1n angle of attack, and Illingworth
considers up to cubic terms in the spin. If one 1s interested in only first
order effects of both angle of attack and spin, these two results can be
superposed since the perturbations enter lineasrly, However, to obtain the
lnteraction effects, which are necessary for Magnus effects, additional
analysis must be made. This is what has been done here. Only laminar flow
1s considered; compressibility is, of course, not neglected; heat conduction
is ellowed for with the assumption of Prandtl number unity and a linear
viscosity-temperature relatlonship. In the solution to the boundary layer
problem the only other assumption (aside from the répresentation in terms of
emall perturbation) is that the external flow Mach number and the cone angle
are such that the flow 1s conical. When the results are applied to Magnus
force calculations slender body theory 1s used so that the restrictions to
small cone angles and slightly supersonic Mach numbers are necessary.

Aside from the Interest in Megnus effects the three-dimensionsl problem
considered here has some Intrinsic interest so that additionsl results are
given, e.g., veloclity profiles‘and skin friction. In particular, the
following should be noted. To obtain generally useful results for three-
dimensional flows approximate (momentum-integral) methods must be developed;
this 1s especlally true if the turbulent case 1s to be considered. Rellabllity
of these methods camncot be based alone on experlence 1n two-dimensional flows
since there are fundamental differences in the two cases, Thus exact solutions

are necessary to test proposed épproximate methods.

The Magnus effects to be considered here are those commonly qbserved in
ballistics. In the terminology of alrplane dynamics the Magnus effects are
a 8lde force and yawing moments due to angle of attack which implies that
the body must be spinning for non-zero Magnus effects, It 1is clear that non-
viscous flow could not allow Magnus effects (this 1s discussed more fully in
Reference 4) thus one is forced to investigate the boundary layer flow.




Assuming a Prandtl number equal to one and a linesr viscoslity-temperature
relation give the boundary layer solution for no heat trénsfer at the surface
only if the surface is stationary. For a spinning body this i1s not the case,
as Iilingworth3 has noted. For the cone one finds that, exactly, the solu-
tion is for a surface temperature which varies as the square of the distance
elong a generator. An alternate interpretation is that‘the heat transfer at
the surface is zero neglecting quedratic terms in @ and ¥, (Mr. Martin Fiebig
called to the author's attention an error in the originsl manuscript concern-
ing this point.)

EQUATIONS OF MOTION

The form of the equations of moticn used here is taken from the work by
Moorea’T and will only be summarized. A two-component vector potential is in-
troduced to satisfy the continuity equation exactly (generalization of stream
function). Prandtl number unity and the viscosity temperature relation

w/E=cr/T _

are assumed, where the bar refers to the reference condition tsken as the non-
viscous flow at zero angle of attack evaluated at the surface and C is a
sultably chosen constant. Two transformations are introduced; one like that

of Howarth to try to remove compressibility effects and another like that of
Mengler to try to remove curvature effects. Non-dimensicnal dependent variables
ere.used with the reference condition denoted by a bar with the same meaning

as above, and lengths are made dimensionless with the length L = (CE) / (p u).
Let u and w denote (non-dimensional) velocities along generators (x:coordinate)
and around the circumference (¢ - coordinate); see Figure 1. If F and G denote

the two components of the vector potential mentioned above then
w=_G

n’ |

where the subscript denctes differentiation and

¥
n=X(5/p)l/2j pdy
Q
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let @ be the half-angle of the cane
_ WD
©=s5in @ , E=x"/3

then the equations of motion are {Equation 42, Reference 7).

‘ FT]FHE_ ) ‘FE._ ¥ G¢/(36§ﬂ FTm * GnFn¢/(395) = (Gn)e/(ﬁ) = (1a)
p'(g) aF, /(6eep) + F o
FHGT]E, - Fg + G¢/(39§Zl Gm']-+ GnGn¢/(3e§) + GTIFTI/(X‘)': (1v)

- p' (8)/(36ep) + p'(¢)GGnn/(69§p) + G

T‘L+ (Fq)e + (Gn)2 =T +' ul2 + le : o (1e)

where p, p, and T ere (non-dimensional) pressure, density,_ and temperature;
p'(P) is the derivative of p; and the subscript 1 denotes conditions at
fhe outer edge of the boundary layer. The form of the variables 7 and ¢
comes from the Howarth and Mangler transformations. For the boundary
conditions at the outer edge of the boundary layer (y = 1 = @ ).

Su=u 1-aA1cos¢
W =W = oA, sin §

p/P=1 + ahy cos i)

(2)

since the flow is conical, The Ai are tabulated9, see Reference 6 for
further discussion. It 15 assumed that the rotation of the cone does not
alter the external flow so that the pressure is given by the expression

in (2). For the boundary conditions on the body surface (y = 1 = 0)



U=va=0
v =2 or /‘E' (3)
r = XxL8

where @ 1s the anghlar veloeity of the cone about its axis, r is the
local radius and L is reference length defined sbove.

Since the pressure gradient is zero along the generators of the cone
a Blasius type similarity variable is introduced. '

A = /(2 yE)

(This differe by a Pactor of one-hglf from the A used by Moore.) However,
because of the spin of the body there is no longer similarity in terms

of A. This variation with x must be allowed, and for this it is convenient
to introduce & new variable « ,

k =ar [ =ate (33)Y3 )
Furthermore the following forms for F and G are assumed:

F= §l/2 2(x ; Ay P)

" §1/2

g(x ; A; ¢)

i

For most ballistic epplications the maximm vglue of g will be less than
0.5, but 1t 1s essumed here that x remains small enough s¢ that f and g
can he expanded in power seriee in x . Hence, for this analysis, both

the length of the cone and the angular velocity are limited. Thus we
write '

=fo(x, B) +x £,(0, B) + ...

P =
g =gy B) +x g (0 B) 4. . )
T =

= to(}! ¢) + & tl(ly ¢) + ..

12



Forw=0, f and_go are the same as the f and g defined by Moores. qu

0
a = 0 a1l quantities are independent of @, and we obtaln essentially

Illingworth!s first order spin effect terms;3 the correspondence 1s

). = f
o’ 0

)
(&g .

(£

g /2
lX
vhere the I indicates Illingworth's functions (fl would be identically

zero for a = 0).

The partial differential equetions satisfied by the coefficient of «
in (4) will not be written down. In order to reduce the integration
problem to one amenable to numerical processes the dependence of the
coefficients on @ is assumed as follows (the form can be deduced from the

appropriate boundary conditions):

Hy
1

= Foo(r) - oA cos ¢F01(x) ..

sin ﬁ G..(A)+. ..
ahy 01+ %)

H
]

1 aAISinﬁFll(x)+. ..

g Glo(x) - 032 cos @ Gll(x) . u .

Only the functions of A explicitly given in the expansions (5) will be
obtalned. If the assumed form of the solution be regarded as a power
series expansion in the two small parameters ¢ and k it is evident that
only one-second order term is included, i.e., the product (intereaction)
term ¢ x . The a? and ;<2 terms could be included at the expense of more
_ numerical Integrations. Thls may seem inconsistent, but, at least for
Magnus effects, the second order terms are unimportant. The functiomns of
» indicated in (5) can be identified as follows; F00 governs the pure
axlal flow, and G,., the angle of attack effects, G,. the spin effect,

For 01
and Fll and Gll the interaction effects.

10
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As expected F00
functions satisfy linear third-order ordinary differentlal equations

satisfies the Blasius equetion. The remaining

with boundary conditions at A=0and A = . These were not the

equations that were Integrated, however, end therefore will not be written

down, for the following reason. These differential equations contain, s
through the A,, the ‘two parameters cone angle ® eand free stream Mach
number Mo' But since they are lineasr 1t is an easy matter to rewrite the
equations in a form which contains universal functions, 1.e., independent
of any parameters. Thus the followlng sequence of equatiohs was obtalned
(the Blasius equation and that for G,., which 1s related to Illingworth's

8y» Tequire no change, but are re‘u{ritgen‘ in a different notation):
Bytet + Bh it =0
1 (0) = 1 7(0) = 0, By" (@) =2 (6)
Foo = By :
KT kgt - (2730t = - (8/3)(1 - by to k)
k(0) =K' (0 =0, k' (@)=0 (1) '
Then Gy =By + 2k, q=1+(7-1)32/2

Define:
= Prr1 1 1P .
Ll(f) f + hlf +.h] f

L(h) =0  hy(0) = hy(0) =0 . (8
h,' (o) =12
Ly(Bs) - 'y =0 by(0) = by'(0) = O ()

h,' (@) =0 : - - .

1k



Then

Fop = [2A2/'(59A1)] by + é[l - (2A2/39A1)] b, +[2A2 a/(504,) | b

Define: '

- Y = f£ri frv o 1'_5 h.t* £
Ly(f) - DT - (43) By (10}
L(ky) =0 ky(0) =0, k;'(0) =2, k' (@) =0

Then ‘ o
G0 =%

Also: . .
Ly(kg) + k't by - (b5)k,' By' = 0 (11)
La(kh) +k,"t (h5 - kl) + k! [k1= - (4/3) nj'] =0 (12)
Ly(ks) - (1/3)b;! Xyt = 0 - (13)

ki(O) = ki'(O) = ki' (CD ) =0, 1= 5)-‘4':5

Then _
G, = [2/(59)] {[g(jeAl/ 2A2) - 1] ks + qity + k5}

Define:
L5(f) =+ Tt (2/5)111* £+ (5/3) h 't f
L5(hh) + (4/3) k! hi' =0 ' (14)
Ly(hg) + (4/3) ky' kj* = 0 (15)

. Lj(hs) - n! k' o+ b o k5_= 0 (16) .

L3(h7) - k! h3' + b k, =0 ) (17)
L5(h8) - k" by' + bt k5 =0 (18)
Lj(h9) -k, h''=0 (19)

B,(0) = h,'(0) = 1" (@) =0, 1=1,5 ..., 0.

15



Then

F)y = (&/8))(by +ab) + (2/30)° (A8 ) (bg + ab) + (4/38)(1 -24,/38A, )by
+ (A,/384, )b,

Equations (6) - {19) were integrated mumerically on the ORDVAC and are
tebulated in the Appendix. The functions were obtained to an accuracy
of at least five significant figures. "More acciuracy was needed .in the
first few eguations because of accumilation of errors. Equations (7),
(8) and (9) are essentially the same as those integrated by Mbore6 (the
numkerical results agreed except that for the larger values of X\ the
agreement was only in the second or third dignificant figure). Eguation
(10) is essentially the same as one of Illingworth's (results agree to as
meny places as glven). The remaining equations give the interaction
effects.

RESULTS

After numerical integration of the sequence of ordinsry differential
equations it is possible to compute a number of quantities of interest.
(a) Velqeity Profiles:

The non-dimensicnal velocity components u and w are obtained from

u = FTl = fx/2

W= GT] =g7\./2

and meking use of (4) and (5). For given free stream Mach number, M,
and cone angle, ® , the velocitles are functions of a, kK, h\, and .
In Fig. 2 u and v are plotted for the case M = 1.82, ® = 10° o =1°,
&k = 0.1 as functions of X for §§ = - =/2, 0, n/2, and =.

16
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As expected there is a reversal in the w component for p<o, i.e.,
where the rotational velocity opposes the direction of the flow ocutside
the boundary layer. For the values of parameters chosen the u component
does not change drastically around the clrcumference. There is no
indication of separation type profiles. Note that it has not been necessary
to compute the tempereiture varietions. However this would have to be
done if the velocity profiles were derived as functlions of the physical
coordinate y.

(b) Skin Friction: .
The two components of skin frictioq; expressed 1n dimensionless form
are

Cpy a[p'a.u-/ By'] B /7 T

2 [pta W/ ay'] , /3 -

0

1]
Qo

Cog

where the prime indicates that a quantity has dimensions. To the same
order of epproximation that has been carrled throughout, the following
expressions are obtained.

2c, = (3c/50/ Eoo"(o) - a{8Fy"(0) - (1/2)F05"(0) } cos #
x o AF,."(0) sin ﬂ (20)

+

(Wﬁx:)l/a [x Glo"(o) + AQGOl“(O) sin @
a{Aled"(O)/Q - AEG'll"(O)} - cos ¢] (21}

where ﬁx = x' p' u'/ §'. The terms in (20) and (21) which are independent

20f¢

+

of or linear in ¢ and K can be obtained from‘References & and 3 respectively.

The interaction terms (a x ) are

18



aecfx(ﬁx/x)l/2/axa o sin @ = AlFll"(O)/E

- &, [.61u5 v 2522 F "L 4 (2/%0)° (L3592 + 1725 T 'l)]

- (é/jé) [.5109 A+ .2395 A3] | (22)
_a2¢f¢(ﬁx/5c)l/ 2/3 xdacos = E3G10"(0) - azell"(oﬂ in
= 4896 A - .4BIB A, - (Ay/30). E.M% + .5868 T 1] (23)

where T "1 = (y - 1)ﬁ2/2. Theffight hand sides of equations (22) and (23)
are plotted in Figures 3 and 4 respectively for cone angles of 100, 12.50,
and 15°; According to the expression (20) for Cp, the effect of the a«
term, for negative ¢, is to reduce the skin friction. This reducticn
1s & meximum et § = -x/2. However, for resonebly emall values of @ and

X the reduction is not enough to indicate component separation. For

£y tO zero for @ =10° at § = - n/2 1t would be
necessary to have @ x = ,06. For such values of a and x the higher order
terms would no longer be negligible. Since this i1s & three-dimensional

example to reduce C

flow it is by no means clear that component separatlion is pertinent to
the general question of separation.

-

InoFig. 5 a sketch of Cf¢(§¥/30)l/2 is.Presented for M = 1.82 and
® =10 . It is seen that the variastion of the skin friction is affected
significantly by the interactlion terms. However, the integrated value,

which gives the spin reducing torque, is unaffected in the present
approximation. (See Reference 3 for a discussion of the effect of the

second order term in the spin on this torque.)

(¢) Displacement Thickness

To find the displacement thickness for & three-dimensional boungary
layer flow it is necessary to solve a first order partial differentisl

equationlo’ll. For the cone problem if A is the displacement thickness

19
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d plulJ;()A - ax):l /% + 9 plwl(A - asﬂ /eddg=0 -(24)

where §_ = L_f EL - (pu/plulﬂ dy

o
8 = L qui - (pw/plwlﬂ dy
o
L=Cr/pu
Integrating (2L) and introducing & displacement thickness Reynolds number
RA = B' E'A/ -II'
the following 1s cobtained
R, = 2C +al, cos § - akd, sin @ (x/3)1/2 (25)
A K ro Iz

where Kl’ Jl, and J‘2 are functions of free stream Mach number and cone
angle. From References 10 and 6, Jl and K'.L can be obteined and

Iy =K + K + (1(6/53)
vhere K, = (2/30) I:Al (4142 - .5198 T ~1) -85 (.2158 v 2L T ‘13]

1

+ Ay \:4106 +.6396 T " 4+ 1697 T -2

+ (2/59)2 (.3186 + 5247 T -1y .1495 T '2)]

' = -1 = -1
K—5 = A, T' (.6692 + 2493 T ")

K, = A, (2/30)(.9207 +-3289 T '1) - 6546 A - 6538 A.j

The o ¥ term in (25) makes the displacement thickness unsymmetrical with
respect to thé plane of yaw and 1s indicative ¢of Magnus effects. For these
effects, which will be considered in the next sectlion, it 1s convenlent

to have J, U//Uwhich is plotted in Fig. 6 where U is the free stream
velocity. This velocity ratio is introduced because the dimenslonless force

and moment coefficients are conventionally based ¢n free stresm velocity.

23
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In Fig. 7 the variation of A around the circumference is shown for M =.1.82,
GD‘= 10°. The effect of the spin on displacement thickness is to rotate
it in the direction of the spin. For the value of g and « of Fig. T the
meximum and minimm are rotated through 150 from the plane of yaw.

.

MAGNUS EFFECTS

The concept that the-unsjmmetrical displacement thickness on a
rotating body at angle of attack causes Maénus effects was used by
Martinh for the case of a semi-iﬁfinite cylinder., Baslicelly the same
idea will be used here. The pofential flow over the distorted body, i.e.,
body plus displacement thickness, is calculated by means of slender body - .
theory. Thus we now assume that the cone angle is small. The displacement
thickness as given by (25) is measured normal to the body surface but for
the gpproximetion of slender body theory this thickness can be added to
. the cross-section of the body normal to its exis. Then the cross-section
of the b6dy can be expressed in polar coordinates as

r'/g=a +bcos P +csinp | (26)
where @ = (! @:/2) + 2K, (xR )2
b =20 Jl(cx’/jﬁzg)l/z
c = -2a Jén(x'/z)(Cx'/ﬁREE)l/e
a=0 @ g/ ;

with £ the length of the cone, RE
surface quantities at zero angle of attack, and the prime indicates a
quantity with dimensions. To the first order in @ the expression (26)

for the cross-section is a circle of radius a and center (b, c¢).

the Reynolds number based on £ and the

The detalls of the slender hody calculation need not be glven since
Ward12 has presented all the neceesary formulas for the cross force and -
moments. Ward uses, instead of the axis of the body, the e:-axis parallel
to the direction of the free stream. With respect to the s '-axis the
center of the circle (26) is (b*, c) where

25
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b* = b + a8

and for the approximation made here x° = s, Then the complex transverse
force, F, is given by

25'/;,o g = - 2(db*/ds + idc‘/d.s)s _1 (27)

where S5 is the base area and po‘the free stream density. The real and
imaginary parts give the 1i1ft and cross-force respectively. The negative
sign in (27) results from the choice of exes in the cross-section. Thus
the displacement thickness caused a decrease in the lift coefficient from
the value 2¢ by an amount :

2, (c/ )12

(J1 is negative). The Magmus force coefficilent (in sercdynamic notation)
is '

. Im |:2F/pOUES] -6 <:z.12sz(c/31=(ﬁ)1/2 (28)
The ratioc of the Magnue force - to 1lift force due to displacement thickness
is -

i .12/.1l

which for ® = 10° is of the order of magnitude 100 wpich is less than one
for the small spin contemplated here. Such a small Magnus force would be
difficult to measure.

The center of pressure of the Magnus force is found to be
1 2 2
1/2 . 1/2 1/2
1 -J’ s l:s e + 21(1(05/5%) :I ds/ [@. + axl(c/anﬂ)
o

in units of the length of the come. To within e few perceht at most
this result shows that the center of pressure 1s independent of Mach

mmber end Reynolds number and is gliven by

C.P. = (5/7)¢.

27



In ballistlc notation the Magnus force and moment coefficients, KF
end K, respectively, are found to be '

i/a

Ko = ¥/ p P v a = (x/8)(3,0/%)(30/R,)

Ky = T/ pouch va

-(C.P.p - C.MK

vhere d is the diameter of the base, v = 0d/T, C.P.p s the center of

pressure and C.M. is the center of mass both measured in calibers A .
(diameters). The moment is taken about the center of mass. In Fig. 6

J,U/u* 1s plotted.

As yet there appear to be no experimental measurements which provide
a concluslive test of these analytical results. There 1s some work in
progress at the ERL which may yleld such a test. BSome measurements have
been repprtedl5 giving only the Magnus moment on a slender cone. However,
the boundary layer was definitely turbulent over most of the ccne.
Moreover, 1t is felt that the predicted moment will be more in error than
the force. When the above result for KT was compared with the results of
Ref. 13 1t was found to disagree considerably but in view of the above

‘statements this 1s not regarded as conclusive. ' !

Finally the contribution t¢ the Magnus force of the meridional skin
friction will be discussed. This was done for Martin's cylinder problem
by Kellylh who found that skin friction'contributed a negative Magnus
force about T percent of displacement thickness contribution. Integrating
(21) it 1s found that for the cone the o x term gives a negative Magnus
force which for @ =10° is about 20 percent of that due to dispiacement
thickness.,

Martinh has éttempted to extend his analysis of the laminar flow
over a cylinder to the turbulent case by assuming that the Magnus force
coefficlent depends on the product of displacement thickness at the base
 for zero angle of attack and the length of the cylinder as in the .
leminar case, Aside from the fact that an empirical constant is left K
to be determined it is not clear that the ahove assumptlion 1s vglid.
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Thus the importent metter of treating the turbulént boundery layer remains
to be solved as well ss the extension to mare general bodies. This will

necessitaté the development of approximate methocis for three-dimensional
boundary layer flows. '

R, Secdrey

R. SEDNEY
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«0N0ON
,NN250
,NN98Y
02143
03664
WN5462
07453
09557
«11700
013818
+15860
.17784
«195509
21167
72596
23845
24916
« 25820
026569
.27178
027666
<7 BN4O
e 28345
28569
028735
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. NNNAN
NT7190
«14059
.20337
.25813
.30330
+33788
036141
«37394
«37600
.36851
.35275
.33023
.30261
.27160
«23885
«20586
$17392
«14403
011694
.09308
07264
.05557
04168
«N3065
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.Aﬂﬁnﬁ
« 4973
+NO5T2
« 13541
016731
+19083
« 20604
«21349
«21405
20879
«19885
018536
«16940
«15195
.13387
.11587
+N9BKAH
«N8238
o NB6TEH
.05459
«N47225
«N3366
«N2R71
«N1G27
«eN1418
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al2468
e INTN
66139
+59078
«ON176
+ 39995
«29N88
«17982
JN7T172
02899
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19409
25354
.29597
«32145
033104
232660
.31059
.28584
025527
022162
.18733
.15432
12400
«09725
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19306
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«N3838
12535
NT7792
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« 16809
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«NRTEY
NT1RG
5733
NHLAR
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52620
52751
«52841
«52902
052942
52967
52984
«52994
«53000
«530n4
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«53N08
«53008
«53009
53009
«530N09
+530n09
53009
53009
«53Nn09
«53009
«53009
«53009
53009

2 2B856
«28943
229004
029046
«29NT4
«29Nn93
«29105
«29113
«29118
«29121
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«291213
«29124
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«291725
2291725
«29125
229125
229125
029125
«29125
«?29125
«29125
«29125
e”7Q128%

eN2210
«N1562
01083
«ONT36
« 00490
«ON320
00205
«0N128
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N0047
0NON28
JNO016
«00N0NY9
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00002
+NO0ONT
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Equation 16

' "

A h6 h6 h6
o0 e NNNNN JNNNNO — 5684] 2.5, ~ J42044 _~ ,N184n eNB145
| - J0N283 ~ NS5641 -~ ,5558n 26 ~ 442200 = ,N1303 «N4625
2 ~- L01120 = 11040 = ,52n67 2.7 - 42309 = ,009n4 «03397
3 - JN2476 « L,15993 - 46711 2.8 -~ 42384 = ,0N616 «0243n
o - 04298 - ,20n335 - ,39921 2.9 - 42435 =~ ,0n0411 «N1703
N - J0906D - ,26736 - ,23678 3.1 - 42490 = ,ND0172 «00783
o7 - +11837 - ,28672 - ,15032 3.2 - 42504 - ,00108 00514
«8 - J14765 = ,29748B - ,06546 3,3 - 42513 = 00066 «0N33N
9 - 17759 = ,29998 «N1432 3.4 ~- «472518 = ,NON4N JNN2N7
1,0 - J2NT74Nn —~ ,29488 «NBENND 3.5 — 42521 = ,nNHn23 JN0127
1,1 - .23635 - ,28313 14713 3.6 ~ 442523 -~ 00013 «NONTT7
1.2 - «263B4 - ,26587 «19598 3.7 ~ 242524 =~ ,0NNNY «NONGHS
1.3 — .28938 - ,24438 «23157 3.8 - 42525 — 00004 NNN25
1.4 - 31262 - ,22N00 «25378 s 3.9 ~- 242525 = ,00NN2 NNN14
1.5 - 433333 -~ ,19404 «26325 44,0 - +42525 = ,0N0O01 «N0NNE
1.6 - 35142 - ,16773 026131 441 - 442525 - ,000nn «NNNANYG
1.7 ~- 36690 - J142190 « 24984 442 - 42525 = ,0N000 «NNNN2
1.8 - .37989 ~ ,11800 «23104 4,3 - 42525 = ,0onnon plalalah)
1.9 = +39057 — L.N9605 e 20723 Got - 442525 <~ J0N0ONN «NNANA
2.0 - ¢39919 = ,N7665 «18063 4,5 - 442525 ~ JONONG N alalalatsl
2.1 - J4N600 = .N5995 15323 4e6 - +42525 = 000NN «J00NNN
242 - «41127 - .04597 «12664 Go7 = 442525 = J0ANANno NONDNNA
2.3 - 41528 = .N345% 1n207 4eB = L42525 = ,ANnnon NONNN
244 ~ #41826 ~ 4N2547 «N8N28 449 — 442525 = ¢nnnnn NNNAA

Fquation 17 .

L]

> Y By &
N s NNNNAN PEalatalaly e 26507 2e5 «23Nn51 2N1279 = ,N4734
el sNN132 «N?2637 026127 26 e2316N aNNY1T7 = ,N3148
o2 JNNE25 +NH199 «?50N4K 2.7 «23238 «NNBLT = N23472
a3 «N1167 NT7615 «23191 28 «23797 «NN447 = . N1T7N?
ol 02040 «N9816 e 2N733 2e9 23328 WNN298 — ,N1208
Y JN4378 «13343 « 14228 31 «e23369 NN127 =~ ,NOS5AK8
o7 05778 « 14577 1N414 3.7 «23379 « N8I - nn377
o8 N 7281 «15420 «N6424 3.3 «23386 «ONNBN = NN244
o9 O RB4R «158672 N24180 3.4 «23390n0 JNNNR3N . NN165
1.0 J1Nn44n . 15909 - N1431 3.5 023397 «NON1B = NNNJE
1.1 «12N1R e 15586 ~ ,N4962 246 233093 LONOIN - . ANNnSg
1.2 e 13546 «14932 - ,08n29 3.7 «23394 +DONNGE = JNNN34
1a3 « 14995 14000 — ,10518 3R «23395 dANONT . ANNDN
l.4 16330 « 12850 ~ 123156 3.9 «e23395 NNNNT  ~ Annid
1,5 e 1 756N e 11551 — ,135Kn0 44N «23305 NON0T = JANNNg
le6 e 18647 10170 - ,13G69%90 4a1 «23395 JO0N0N ~ J0NNNT3
1.7 « 19594 «NB772 -~ ,13884 4,2 23395 NNONN — JANANT
1.8 e 2N4017 «NT7411 -~ L,13257 443 «e 23395 NNNN L ANNNDN
1.9 e 21079 «NB133 = L,12236 444 «23395 NNONN _ AnNAN
2N e 21633 4972 = L1N945 445 «?3395 NONBN = JnNNnN
2.1 e ?2NTR «e13949 - ,NOGNA 446 «23395 NNANN o ANNNAN
742 022428 N3NT2 = ,NBN2E 4e7 «233085 JNNNNN - IANNNN
2.3 o P 269R «N2342 ~ NEENN 448 «23395 JNONNN o nnNnn
2.4 .??Qn'l .”1748 - ."-'5?87 ‘l.n .23‘30% .ﬁﬁf‘n” - ‘nnnnn
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Equation 18

1 ) H
A h8 h8 h8
oD JANN0N oNNNAN — 51088 2e¢5 - ¢40874 = 402036 «NERRZ
ol - JON254 — 05076 — «5Nn178 2eb - 41047 = ,N145%2 +N5NAB
o2 - 01009 = ,N9967 = J47415 27 - 41169 - L01015 «N3739
3 - 02236 - 14509 = L43191 2.8 - +¢84125%4 ~ 4D0A95 « 02701
Wb =1 03894 - ,18563 - L,37711 2,9 = 441311 = ,00466 WN1907
T a5 s 5929 -~ ,22018 - ,31249 3.0 - +841349 ~ 00307 «N1316
ob = J0B8275 =« 24790 = ,L,24093 3.1 - +41374 -~ ,N0198 «NNBBY
07 - .1”862 - 026824 - .16545 3.? - .41390 - 000125 000':'87
8 — ¢13618 = ,?78N9&K -~ ,NRI18 3.3 - 441400 - 0NONTT JN03T79
.9 - ,16456 ~ 28615 ~ ,N1&621 3.4 - JA4T4NE -~ .nNngj7 L,NN239
1.0 - 19314 - ,28418 «N5354H 3.5 - 41410 = ,ND0028 JN014R
1.1 - 22118 - ,27570 «11446 3.6 - 441412 - ,n0N16 +NNNRG
1.2 - J248N9 — 26162 e 16547 3.7 = +41413 - 000n9 «NION53
1.2 - L27336 -~ 24300 «20491 3.8 = 441414 <+~ ,000N5 Malslak1s
1.5 - ¢31750 -~ 419697 24724 44,0 - +41415 - 00001 . NONNY
1,58 = L,33595 - ,17198 «75NB7 4,1 - +41415 = ,anonn LNANNASK
1.7 - 35190 - ,14713 e 24449 44,2 -~ 41415 ~ 00000 JNNNN7
1.8 - .36541 - ,17335 «27997 443 - «41415 <~ ,0000D0 oNNONY
1.9 - ¢37663 -~ ,10134 020944 b ot - 81415 <~ ,nO0ON Malalalsls
2.0 - ,3B8576 - ,0B158 «18515 4,5 - a41415 = nN0OND Malalalaiy
2.1 = 39303 - 06436 «15911 Leb = 41415 -~ anann NaYalatals
2.2 - ¢3987? - ,N4976 213308 L7 - 41415 =~ NANNNAA MalaYalaly)
243 - L4N307 - ,N3T770 10846 4.8 - J41415 = ,nnnann Nalalalals
2ol = Q40634 = N2799 eNB618 4e9 = o41415 — LN0ONNN oNAANA
FEquation 19 .
A h9 h9 h9 |
N L NNNNN NANND — 495816 | 2.5 ~ 85077 = ,N4839 ,15585
ol - JNNLETE = ,N953T - L,04KN13 ?eb — o8544N0n - ,N3471 e11RQ7
o2 - ,N1898 - ,1881% - ,9n631 2.7 = 85733 — ,n?2439 «NARGT
o3 — DN4224 - 27582 = .84322 2.8 = 85937 = ,01679 oNEL4T
1 = JNT739N = ,38/N4 = ,75751 2.9 — «86NT6E — N1137 «N4RTH
. - ,11312 - 42665 - ,65159 3.0 - «86169 ~ ,NANT748 «N31T77
o6 - o15885 =~ L48579 - ,52876 3.1 — «86729 = ,n0485 N?21E4
o7 - = ,2N985K = 53198 - ,3937n 3.2 — +86268 = ,NN3N07 o N1431
.8 - .26478 - .5()418 - 02"-'1996 3.3 - 086293 - 000191 .°ﬂ929
9 - 232221 - .581¢en = 10477 Fett - «863M8 =~ ,NN116 NNAKAG
1.0 = ,38NK8 - ,B8527 .N36785 345 =~ LB6B31T ~ ,NNNEY LYY
1.1 - L4388 = 57499 16704 3.6 = WB6323 = ,0NN40 NN2272
1,2 - J49527 = ,E5H2139 e 2R2NM1 3,7 = 4867328 = ,NNN23 WNNTRAD
1.3 - L,54893 - ,51927 « 37661 3R - «86327 = ,NnNN113 dNONTT
lo4 - .59855 - 447785 2H4T6HS 31,9 — 86328 = JNNNN7 NONL{Y
1.5 = 64431 — 43057 49365 Lo = 86329 = 00003 NON2 Y
1,6 - .68486 - ,37995 «51490 4] - WB6329 =~ ,000N2 JNN13
1.7 = ,72027 = ,32835 .51335 G4e? = 4863729 - ,n0n01 NONNT
1.8 = LI5NBT = 27793 49230 443 — «8A330 = n0nnn Malalalalc!
1.9 = S T759% « ,23Nn4n0 456NN L - L8633n ~ _nnnnn Malalalall
240N - o 719679 ~ L,18708 «s4ngl1n 445 - JRB33n - _nnAnn el aTalats
2.1 - 81354 - ,14878 035621 heb = 486330 - ,nnnnn NANNA
2.2 - ,82673% -~ ,1159n 230149 44,7 -~ «8633Nn ~ _A0ANAN JNNAA
2,3 - .8389n -~ MR84S 024833 4.8 ~ ¢BA33N - _n0nNn aTatataty
etk — o+B4458 ~ ,NKEENQG 10975 449 = LBAR33IA -  ANNARA sNNAA
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